Although worldwide millions of people work prolonged hours, at adverse circadian phases, evidence suggests that cognitive function is impaired under these conditions with important societal consequences. In a double-blind placebo-controlled laboratory-based study, we investigated the effect of the wakefulness-promoting drug modafinil as a countermeasure against such neurobehavioral impairments induced by both prolonged wakefulness and circadian misalignment. Neurobehavioral performance, alertness, and sleep were studied in young healthy participants (N ¼ 18) who underwent a 25-day forced desynchrony protocol in which the period of the sleep-wakefulness cycle was scheduled to be 42.85 h (duration of each wakefulness episode: 28.57 h; sleep/rest episode: 14.28 h). Each waking day, participants were treated with either 400 mg modafinil, divided into three doses, or placebo, according to a randomized, parallel-group design. Treatment with modafinil significantly attenuated the performance decrements seen for several parameters including cognitivepsychomotor speed, visual attention and reaction times both with progressive hours awake and when working at adverse circadian phases. Subjective alertness and sleep parameters were similar between treatment groups, but modafinil-treated participants had fewer bouts of inadvertent sleep during scheduled waking. Modafinil reduced the neurobehavioral impairment associated with work, both during prolonged wakefulness and at adverse circadian phases, without adversely affecting subjective alertness or subsequent sleep. These features suggest that modafinil might be a particularly relevant countermeasure against the deleterious effects of prolonged work hours, shift work, and transmeridian travel.
INTRODUCTION
Performance deficits and deterioration of mood occur when human beings are subjected to sleep loss and when they attempt to work at adverse circadian phases (Boivin et al, 1997; Dijk et al, 1992; Hull et al, 2003; Santhi et al, 2008; Wyatt et al, 1999) . These cognitive impairments include slowed reaction times, increased error rates, reduced vigilance, memory decrements, poor motivation, increased variability in performance, as well as reduced subjective alertness, and subjective well-being. Certain individuals may be more susceptible to such impairments and a possible genetic basis for such susceptibility has been described (Bodenmann et al, 2009; Czeisler, 2009; Viola et al, 2007) . Accumulating evidence suggests that the degradation of performance associated with sleep deprivation and working at an adverse circadian phase has important social implications including, but not limited to, compromised public safety, diminished health and well-being, and lower productivity of the affected population (Å kerstedt et al, 1994; Barger et al, 2005 Barger et al, , 2006 Fortson, 2004; National Transportation Safety Board, 1990; Rajaratnam and Arendt, 2001; Spiegel et al, 1999; US Nuclear Regulatory commission, 1986) .
Several countermeasures have been tested to minimize or avoid the decrements in performance that are related to sleepiness caused by prolonged wakefulness and working at adverse circadian phases. These have included behavioral (naps, exercise, work breaks), environmental (light), and pharmacological interventions. Of the latter group, amphetamines and caffeine have been extensively studied. Although amphetamines reduce sleepiness, they have been associated with addiction potential and troubling side-effects. Caffeine on the other hand is a widely used stimulant with validated efficacy that can, however, negatively affect subsequent sleep. To date, most countermeasures have been studied acutely in relatively short sleep deprivation protocols. Such protocols do not allow separate quantification of the influences of homeostatic sleep pressures which builds up with time awake, and circadian phase on performance and countermeasure effectiveness. Specifically, acute sleep deprivation protocols cannot determine whether a countermeasure acts on homeostatic (that is, sleep/wakefulness dependent) or circadian determinants of performance. In contrast, the previously reported forced desynchrony protocol dissociates the endogenous circadian rhythm from the sleep-wakefulness cycle, allowing quantification of the contribution of each of these factors to various parameters of interest (Boivin et al, 1997; Dijk et al, 1992; Johnson et al, 1992; Wyatt et al, 1999 Wyatt et al, , 2004 . In a study of repeated low-dose caffeine administration using a forced desynchrony protocol, it was shown that caffeine reduced some of the detrimental effects on performance related to homeostatic sleep pressure, but was less effective in counteracting the circadian contribution to performance degradation, and in addition impaired sleep efficiency (Wyatt et al, 2004) .
Modafinil, 2-[(diphenylmethyl) sulfinyl] acetamide, is a wakefulness-promoting agent approved for use in the treatment of excessive sleepiness associated with narcolepsy, sleep apnea, and shift-work sleep disorder. This agent increases activity in hypothalamic arousal regions (Engber et al, 1998; Gallopin et al, 2004) and has shown efficacy in partially reversing performance impairment associated with simultaneous acute sleep deprivation and circadian misalignment (Bodenmann et al, 2009; Brun et al, 1998; Buguet et al, 1995; Caldwell et al, 2000; Czeisler et al, 2005; Pigeau et al, 1995; Wesensten et al, 2002) . However, the durability of modafinil as a countermeasure to recurrent wakefulness extension is untested. Similarly, no extant study has evaluated the ability of modafinil to reduce the detrimental effects of working at an adverse circadian phase, separated from the effects of homeostatic sleep pressure.
Here, we present an analysis of the effects of modafinil on performance, alertness, sleep, and core body temperature in a double-blind, placebo-controlled trial.
PARTICIPANTS AND METHODS

Participants
Nineteen healthy adults, eight females and 11 males participated. One male participant withdrew on the second active-treatment day, due to possible side effects of treatment. Data from the remaining 18 participants (mean ± SD age 23.9±4.0; range 18-30 years) are included in this report. All participants were screened for medical and psychiatric suitability based upon medical history, physical and psychological exams, blood and urine chemistries, and electrocardiogram. Toxicology screens for drug use verified that participants were drug free near the beginning of the screening process and upon admission to the laboratory. Participants each gave informed consent in writing. The protocol was approved by the Brigham and Women's Hospital/Partners Health Care System Human Research Committee.
Protocol
Experimental procedures. Participants maintained consistent sleep-wakefulness schedules with approximately 8 h of sleep for 3 weeks before admission, verified by call-in times to a time-stamped voice recorder, sleep logs, and for at least 1 week by wrist actigraphy (Minimitter, Sun River, OR, USA). Studies began with three 24-h baseline days with 8 h scheduled sleep to allow participants to acclimatize to the laboratory conditions. On days 4-28 of the 31-day inpatient protocol, participants were scheduled to a forced desynchrony protocol (Figure 1 ) for 14 consecutive 42.85-h 'days', each consisting of a 28.57-h episode of scheduled wakefulness and a 14.28-h episode of scheduled rest/sleep. Participants were scheduled to sleep in darkness and during scheduled wakefulness they were exposed to very dim room light (o15 lux maximum). The 42.85-h day length is known to be outside the range of entrainment of the human circadian pacemaker, that is, the circadian pacemaker cannot adapt to the 42.85-h day length and instead it continues to oscillate at its near 24-h intrinsic period Wright et al, 2001 ). This allows wakefulness and sleep episodes to be distributed across a range of circadian phases throughout the inpatient stay and provides for relatively long wakefulness episodes.
Participants lived in an environment free of time-cues, with no clocks, radios, newspapers, nor internet access. Participants were required to remain awake during scheduled wakefulness episodes and were required to stay in bed during scheduled rest/sleep episodes. Technicians monitored the participants from the control room and verbally awakened them after observing inadvertent sleep onsets. When participants were not performing assigned tasks, they were permitted to move about the suite, read, write, listen to music, watch videos, play video games, or converse with study staff. Room temperature was maintained at B24.51C.
Drug treatment. Participants were treated according to a randomized double-blind placebo-controlled parallel-group design. Equal numbers of men and women were randomized to each treatment group. No significant differences in weight or BMI were observed between the treatment groups. All participants had a 2-day run-in of placebo-treatment single-blind, consisting of two tablets three times per day on days 2-3. During the forced desynchrony protocol, participants received modafinil or placebo double-blind, three times per wakefulness episode. Participants in the placebotreatment group (N ¼ 9; five male participants, four female participants) received two placebo tablets at scheduled wake time and again after 9.58 and 19.16 h scheduled wakefulness. Participants in the modafinil-treatment group (N ¼ 9; five male participants, four female participants) received two tablets (placebo and 100 mg modafinil) at wake time and after 9.58 h scheduled wakefulness, and then two tablets (100 mg modafinil each) at 19.16 h scheduled wakefulness. Modafinil dosing was chosen to counteract the accumulation in homeostatic drive occurring across prolonged wakefulness episodes. In opposition to the increased homeostatic drive for sleep in the latter one-third of the wakefulness episode, we gave a dose equivalent to the dose used in a shift work disorderclinical trial (Czeisler et al, 2005) . The 200 mg dose was chosen because it has been shown to have significant beneficial effects on performance without deleterious effects on sleep.
Assays and Measurements
Temperature. Body temperature was measured every minute by means of a rectal thermistor (Yellow Springs Instruments, Yellow Springs, OH, USA), except during showers and bowel movements.
Performance tests. Participants performed a B30-min battery of neurobehavioral function tests every 2 h beginning 2 h after scheduled wake time. Cognitive-psychomotor performance were measured with the 3-min Digit Symbol Substitution Test (DSST) and a 4-min mathematical Addition Task Johnson et al, 1992) . Short-term memory was measured with a 6-element word-pair Probed Recall Memory (PRM) task. Sustained attention was measured with the 10-min Psychomotor Vigilance Task (PVT), from which we assessed the means of the fastest 10% and slowest 10% of all reaction times, the median reaction times, and the number of lapses (that is, reaction times 4500 ms) (Dinges et al, 1997) . Fine motor control was assessed using the Trackball test (Eddy et al, 1998 ) with a slight modification adding random noise. Subjective sleepiness and alertness were measured with the Karolinska Sleepiness Scale (KSS) and with a visual analog scale (VAS), respectively. Attentiveness was also measured using the VAS. These tests were selected because they are known to vary with the circadian rhythm of body temperature and to be sensitive to sleep loss Dinges et al, 1997; Wright et al, 2002; Wyatt et al, 1999) . In addition to the 2-hourly test batteries, the VAS and the KSS were administered every thirty minutes during scheduled wakefulness episodes. (Rechtschaffen and Kales, 1968) by observers blind to condition. In addition, during roughly the 4th through the 27th hour of the scheduled wakefulness episodes, the EEG (Fz, Cz, Pz, Oz referenced to linked mastoids) and the electrooculogram (two derivations, right upper canthus and left lower canthus) were recorded (Vitaport-3, TEMEC Instruments B.V.) to quantify physiological sleepiness. The latter was determined in two ways: (1) by quantifying the 30-s epochs of wakefulness that contained at least one slow eye movement (SEM, identified as conjugate, sinusoidal deflections in the electrooculagrams unrelated to body movements; no amplitude criterion), and (2) by quantifying the 30-s epochs of inadvertent sleep, that is, the epochs that were scored as sleep based on conventional criteria (Rechtschaffen and Kales, 1968) .
Data analysis. The intrinsic circadian period of the core body temperature rhythm was estimated in each participant using a non-orthogonal spectral analysis technique. That is, temperature data were fitted with periodic components corresponding to both the forced period of the imposed sleep-wakefulness cycle (42.85 h) and the sought-for period of the endogenous circadian temperature rhythm, together with their harmonics, using an exact maximum likelihood fitting procedure . Based on each individual's circadian period (eg, 24.3-h) and phase of the temperature rhythm, the neurobehavioral, sleep, slow eye movements, and temperature data were then averaged into six 60-degree circadian-phase bins with zero degrees corresponding to the fitted minimum of the endogenous circadian temperature cycle. The data were further averaged into six 4.76-h wakebins according to the duration of scheduled wakefulness (neurobehavioral data, inadvertent sleep episodes during scheduled wakefulness, slow eye movement data). The duration of the previously scheduled sleep episode was averaged into six 2.38-h bins for sleep stage data. The temperature data were averaged across the entire 42.85-h forced desynchrony day into nine 4.76-h bins. Finally, to assess whether an effect of treatment group was observed across the forced desynchrony, we also binned the participants' neurobehavioral data by scheduled wakefulness episode.
Statistical Analysis
Individual differences in neurobehavioral performance capability at baseline (except for the PVT) were minimized by expressing performance as change scores from baseline, by subtracting from each data point the mean performance obtained during the wakefulness episode of baseline day 3. Analysis of PVT data was performed on reciprocal median reaction times (1/median reaction time), reciprocal slowest 10% of responses (1/slowest 10% of responses), transformed lapses [O lapses + O (1 + lapses)], and fastest 10% of responses (Bodenmann et al, 2009; Dinges et al, 1997) . Epochs of inadvertent sleep were expressed as a percentage of the total number of recorded epochs within each wakefulness bin or circadian phase bin, whereas slow eye movements were expressed as a percentage of all epochs scored as wake within a bin. During the scheduled sleep episodes sleep efficiency was calculated.
For cognitive performance, alertness, and sleep parameters, dependent variables were analyzed using repeated measure ANOVAs with factors of drug-treatment group (DRUG), circadian phase [PHASE (degrees 0, 60, 120, 180, 240, 300) ] and duration of previous scheduled wakefulness [WAKE (6 bins of 4.76-h each)] or, for sleep analysis, of previous scheduled sleep [SLEEP (6 bins of 2.38-h each)]. Temperature was analyzed using two-way ANOVAs with factors of drugtreatment group (DRUG) and scheduled wakefulness vs sleep (STATE), or drug-treatment group (DRUG) and circadian phase (PHASE). VAS 'Attentive-Dreamy' comparisons for the first two active treatment days were analyzed using repeated measure ANOVAs with factors of study day (DAY), drugtreatment group (DRUG), and duration of previous scheduled wakefulness (WAKE). Neurobehavioral performance across the forced desynchrony was analyzed using a two-way ANOVA with factors of drug-treatment group (DRUG) and scheduled wake period (SCHEDULED WAKE PERIOD). Planned comparisons with f-test and modified Bonferroni correction factors were used to compare performance and physiological sleepiness data at each time awake and circadian phase bin.
RESULTS
Baseline Characteristics and Circadian Period
The participants' circadian pacemakers were unable to entrain to the imposed 42.85-h light-dark cycle. Mean (±SD) estimates of the period of the intrinsic circadian rhythm derived from core body temperature were 24.11 ( ± 0.19) for the placebo-treatment group and 24.23 ( ± 0.23) for the modafinil-treatment group (NS; t-test p ¼ 0.5).
Temperature
A significant DRUG by STATE effect was observed for body temperature (po0.05). Specifically, average body temperature was higher during scheduled wakefulness episodes and lower during scheduled sleep episodes in the modafiniltreated participants as compared with the placebo participants (Figure 2 e) . No significant treatment effect was seen on circadian temperature variations.
Performance
The participants' performance on the final 24-h baseline day before the forced desynchrony (baseline day 3) was assessed for all cognitive parameters. Baseline day 3 scores averaged per treatment group were as follows (listed as placebo ( ± SEM) vs modafinil ( ± SEM)): Addition Task, number correct 57 (±2.7) vs 55 (±2.1); DSST, number correct 56 ( ± 0.8) vs 63 ( ± 0.8); PRM, number correct 3 ( ± 0.3) vs 3.1 ( ± 0.2); PVT, slowest 10% 534 ( ± 40) vs 463 ( ± 14) ms; PVT, median reaction time 295 (±8) vs 288 (±5.3) ms; and PVT, lapses 5.9 ( ± 1.1) vs 3.7 ( ± 0.6); PVT, fastest 10% 219 ( ± 5) vs 215 ( ± 3) ms; TRK, losses 10 ( ± 1.8) vs 4 ( ± 0.7); KSS 3.6 (±0.1) vs 3.6 (±0.1); VAS, alert 62 (±1.5) vs 65 (±1.4); VAS, attentive 67 (±1.6) vs 67 (±1.4). The only significant difference between treatment groups on baseline day 3 was seen for the DSST, number correct (p ¼ 0.05; all other comparisons p40.05).
Statistical analyses of performance data during the forced desynchrony portion of the protocol are presented in the Table and performance parameters are graphically represented in Figure 2 and in the Supplementary materials section. As expected, all performance parameters deteriorated with advancing number of hours awake and near the circadian temperature minima (main effects for WAKE and PHASE; all po0.01). Modafinil significantly improved performance on a cognitive-psychomotor performance task (number of correct responses on the Addition Task; main effect of DRUG, p ¼ 0.02; Figure 2a ).
Significant DRUG by WAKE interactions showing better performance in modafinil-treated vs placebo-treated participants were observed for PVT-derived measures (slowest 10% of reaction times, median reaction times, and number of lapses; all pp0.01; Figure 2b Figure S2a , left column), and for the fine motor control task (trackball number of control losses; po0.01; Supplementary Figure S2c , left column). The performance-enhancing effects of modafinil were most apparent with increasing hours awake.
DRUG by PHASE interactions showing better performance in modafinil-treated vs placebo-treated participants were observed for the Addition Task (po0.01) and PVT median reaction times (po0.05; Figure 2a and c, right column); a trend for significance was seen for PVT fastest 10% reaction times (p ¼ 0.057; Figure S1 d, right column). These performanceenhancing effects of modafinil were most apparent in the bin just after the circadian temperature minimum, which is equivalent to the hours occurring just after habitual awakening. Modafinil had no significant effect on the performance of the Probed Recall Memory task.
Finally, a significant DRUG by SCHEDULED WAKE EPISODE interaction showing progressive improvement in performance of the addition task across the forced desynchrony was observed in modafinil-treated, but not placebo-treated, participants (po0.00005; Figure 6 ). Modafinil-treated participants performance was higher than baseline by wakefulness episode 4 of the forced desynchrony with continued improvement across the 14 forced desynchrony days whereas placebo-treated participants' performance levels did not reach baseline during study. The other neurobehavioral parameters did not demonstrate similar improvement across the course of the study.
Sleepiness and Attentiveness
Occurrence of inadvertent sleep and slow eye movements during scheduled wakefulness episodes were used as objective measures of physiological sleepiness (see Table 1 and Figure 3a and b) . During scheduled wakefulness episodes, placebo-treated participants were significantly more likely to show inadvertent sleep (2.2 vs 1.1%; p ¼ 0.03). A differential effect of treatment on inadvertent sleep appeared about 10-h after scheduled wake time and increased continuously thereafter during the 28.57 h wakefulness episode (DRUG by WAKE; po0.01; Figure 3 a, left column). On the other hand, a decrease in inadvertent sleep was seen at all circadian phases in the modafinil-treated participants, but was largest shortly after the temperature minimum (DRUG by PHASE; po0.01; Figure 3a , right column).
However, no significant effect of treatment was seen in slow eye movements (Figure 3b) .
Modafinil had no effect on subjective sleepiness, as assessed by KSS and VAS 'Alert-Sleepy' (Figure 4a and b) . The VAS, with anchors 'Attentive' and 'Dreamy', (Figure 4 c) showed a trend for a main effect for DRUG (p ¼ 0.051) and a significant 3-way interaction (po0.01; Figure 4c ). The main effect for DRUG and the 3-way interaction, showed that the placebo-treatment group, reported higher 'attentiveness' across all WAKE For the addition task, a value of 0 represents the mean value for each participant during the last baseline day before the forced desynchrony. PVT data are graphically represented without transformation; however, because the PVT data were not normally distributed, the statistical analyses on the PVT data were performed on transformed data, which are represented graphically in the Supplementary on-line materials. Baseline day 3 scores are provided in the results section of the text. Planned comparisons for individual circadian and hours awake bins were assessed using an f-test on the relevant data with significance levels indicated by an asterisk (*) whenever the p-value was o0.0417 (modified Bonferroni correction). Note, scales are inverted for PVT measures.
bins. Analysis of the first 2 days of active treatment suggests that this effect only became apparent on the second treatment day (Figure 5 ; DRUG by day; p ¼ 0.07).
Sleep
Sleep efficiency is represented in Figure 3c . No significant effect of drug treatment was observed for any sleep parameter [total sleep time, sleep efficiency, individual sleep stages, sleep latency, and wake after sleep onset (WASO)].
Adverse Events
No serious adverse events were observed. Two non-serious adverse events were reported to the IRB during the course of the study. The first participant complained of nausea during the first two placebo-treated baseline days and subsequently developed abdominal discomfort, a sore throat, loose stool, and worsened nausea during the first 2 days of active treatment with modafinil. On the second active-treatment day the attending physician judged his symptoms to be possibly related to the study medication and he was disempaneled. A second participant, who was a rock guitarist, reported that tinnitus, which he had experienced intermittently before study enrollment, worsened during and after the study. The attending physician judged his symptoms to be unrelated to the study medication. This participant was in the active-treatment group and completed the study.
DISCUSSION
Findings from this study show that 400 mg of modafinil, divided into three doses, enabled participants to better sustain wakefulness, alertness and performance throughout recurrent nearly 30-h wakefulness episodes, even at adverse circadian phases. Moreover, the effectiveness of modafinil Degrees of freedom for factors and errors are as listed except for sleep episodes and slow eye movements during scheduled wakefulness episodes, in which degrees of freedom were (1,16) for DRUG, (4, 64) for WAKE and DRUG Â WAKE, (5, 80) for PHASE and DRUG Â PHASE, and (20, 320) for WAKE Â PHASE and the 3-way. ADDITION refers to the number correct on the Addition Task; DSST, the number correct on the Digit Symbol Substitution Task; PRM, the number correct on the Probed Recall Memory task; KSS, the rating on the Karolinska Sleepiness Scale; and VAS, the rating on a visual analog scale. Inadvertent sleep was scored as percentage of recording time whereas slow eye movements were scored as percentage of epochs scored as wake.
as a countermeasure against the performance deterioration associated with both recurrent wakefulness extension and circadian misalignment was observed during 25 days of study. Of the currently measured parameters, modafinil's effects were most impressive on cognitive-psychomotor speed and sustained attention. Performance on the Addition Task was substantially improved at all hours of scheduled wakefulness and during all circadian phases. PVT lapses were halved by modafinil at adverse circadian phases and advanced hours awake, whereas the effects were smaller at other times. A sizable effect of modafinil on median reaction time was observed, with a substantial reduction of both circadian-and wake-dependent performance decrements as compared with the placebo-treatment group. Similar effects were seen with participants' slowest 10% of responses on the PVT. Modafinil also showed efficacy in limiting performance impairments in a fine motor control task (Trackball-control losses). Some of these effects may be linked to the reduction in inadvertent sleep that was observed in the modafinil-treated participants during scheduled wakefulness.
This study extends the findings of previous investigations by showing modafinil's efficacy as a countermeasure to neurobehavioral impairments associated with recurrent wake extension in otherwise healthy participants. The nature of the forced desynchrony protocol, as described above, has allowed us to substantiate the efficacy of modafinil as a countermeasure to the neurobehavioral impairments associated with wakefulness at adverse circadian phases.
Though direct comparisons are difficult, modafinil's efficacy is at least comparable to that of repeated low-dose caffeine administration in a similar 42.85 h forced desynchrony protocol (Wyatt et al, 2004) . Although caffeine was effective in counteracting the wake-dependent performance degradation, its effect on impairments associated with performing at an adverse circadian phase were more limited. This is consistent with caffeine's presumed mechanism of action as an antagonist to adenosine, the putative mediator of homeostatic sleep pressure (Dunwiddie and Masino, 2001; Landolt, 2008) . Modafinil, on the other hand, showed more robust effects on both circadianand wake-dependent influences on performance. This is also consistent with its known stimulatory effects on hypothalamic wake-promoting regions (Engber et al, 1998; Gallopin et al, 2004; Scammell and Matheson, 1998) , structures that are under the influence of both the circadian pacemaker and sleep-promoting systems.
In addition, modafinil-treated participants' performance on the Addition Task improved progressively across the forced desynchrony protocol. Repeated administration of the Addition Task is known to be associated with learning, that is, improved cognitive performance across time, during circadian entrainment. We have previously shown that under conditions of sleep loss due to circadian misalignment that this type of learning is greatly attenuated, consistent with the results in the placebo-treated participants (Wright et al, 2006) . This new finding suggests that modafinil treatment rescues learning in the setting of extended wakefulness and sleep loss induced by chronic circadian misalignment.
During scheduled wakefulness episodes, modafinil had no effect on slow eye movements but halved inadvertent sleep onsets across all circadian phases and with increasing hours awake. Modafinil did not negatively affect subjective alertness, as chronic caffeine administration did (Wyatt et al, 2004) . On the other hand, modafinil-treated participants were subjectively less attentive (more dreamy). This effect appears to have begun on the second day of active treatment, immediately after the first post-treatment night of sleep. The significance of the observed findings on the 'Attentive-Dreamy' scale is not known. One possible explanation for this difference is the increased inadvertent sleep seen during scheduled wakefulness, which occurred twice as often in the placebo-treated participants as in the modafinil-treated participants and which may have benefitted the former. It is also possible that while both caffeine and modafinil are largely effective in preventing full transitions into sleep, the two drugs may keep an individual at different stages of the wake-sleep continuum. Feeling less attentive (modafinil) may correspond to an earlier, less severe stage of this continuum than feeling sleepy (caffeine). The observation that changes in subjective attentiveness only began to appear on the second active-treatment day suggests the possibility that modafinil affects sleep in a manner not detected with conventional sleep stage analysis. Findings from a recent study in humans showed no effect of modafinil (100 mg, administered 17 h before bedtime) on EEG power spectra during sleep (Bodenmann et al, 2009 ). On the other hand, a study in rats reported that the initial homeostatic rise of EEG power density within the range of slow-wave activity (0.75-4.0 Hz) during non-REM sleep was smaller following modafinil-induced wakefulness than following non-pharmacologically induced wakefulness. (Kopp et al, 2002) . Thus, it will be interesting to investigate in future whether modafinil at a dose used in the current study can influence the expression of EEG slow-wave activity in sleep, particularly because this variable was suggested to affect some aspects of daytime functioning (Walsh et al, 2006; Aeschbach et al, 2008) .
In contrast to repeated low-dose caffeine and amphetamines Wyatt et al, 1999) , repeated modafinil administration produced no measurable deleterious effect on scheduled sleep. Sleep efficiency, sleep stages, total sleep time, wakefulness after sleep onset, and sleep latency did not differ between the two treatment groups. These results are consistent with earlier studies, including our own showing that 200 mg of modafinil given 9 h before bedtime did not result in sleep disturbance (Walsh et al, 2004; Czeisler et al, 2005) . Also, within the rigid parameters of this study and contrary to a previous study, modafinil treatment did not result in a reduced repayment of sleep debt associated with recurrent wakefulness extension . Modafinil treatment was generally well-tolerated in our study and no serious adverse events were observed. Two non-serious adverse events were seen, one of which was judged by the attending physician to be possibly related to the study medication and one of which was judged to be unrelated to the study medication.
Finally, modafinil treatment was associated with a differential effect on core body temperature according to behavioral state. Specifically, modafinil-treated participants had higher CBT during wakefulness and lower CBT during sleep than placebo-treated participants. A few studies have shown waking temperature elevation associated with modafinil use during acute sleep deprivation but have not shown a reciprocal fall in body temperature during recovery sleep (Brun et al, 1998; Pigeau et al, 1995) . One study suggested that cold-challenged humans showed reduced heat production and augmented heat loss with modafinil use (Bourdon et al, 1994) . The mechanism underlying the observations of the present study is not known but may be of relevance with regard to performance. Specifically, a direct relationship between higher CBT during wakefulness and better performance, after controlling for homeostatic and circadian effects, has been shown (Wright et al, 2002) . The relative role that temperature elevation might have played in the performance of our participants is, however, uncertain.
In conclusion, our data confirm the efficacy of modafinil as a countermeasure to the neurobehavioral impairments associated with recurrent wakefulness extension and circadian misalignment. Unlike caffeine, modafinil also showed specific efficacy in its ability to offset performance impairment associated with functioning at an adverse circadian phase. Finally, our data show that chronic modafinil use did not appear to adversely affect either waking alertness, nor the quantity and quality of subsequent sleep. Our findings suggest that modafinil may be effective in mitigating some of the adverse effects on performance or safety associated with unavoidable wakefulness extension and work at adverse circadian phases. Given the recent recognition of biological factors that may contribute to individual vulnerability to circadian misalignment and extended wakefulness (Czeisler, 2009 ), development of targeted treatments for at-risk populations with wakefulness-promoting therapeutics may be an important strategy for improving safety in around-the-clock operations. Largescale clinical research trials are needed to address this important public policy issue.
